An in vitro model ofBaciUlus piliformis infection was developed to investigate the mechanisms of adhesion and internalization of this obligate intracellular bacterium. Adhesion and internalization events were examined by electron microscopic evaluation of infected Caco-2 cell monolayers. A few bacteria were identified in apical surface invaginations and in vacuoles subjacent to the apical surface, whereas the majority of bacteria were observed free within the cytoplasm, suggesting that B. piliformis entered epithelial cells via a phagocytic process and rapidly escaped the phagosome. To confirm that host cell phagocytosis was involved in entry ofB. piliformis into mammalian cells, Intestine 407 cells were treated with the phagocytic inhibitor cytochalasin D, infected with B. piliformis, and evaluated for bacterial internalization by double-fluorescence labeling. The results showed decreased intracellular bacteria, suggesting that internalization was dependent on host cell microfilament function. To examine the role of B. piliformis in internalization, growth of live and Formalin-killed bacteria was compared. Dead bacteria were not internalized, suggesting that B. piliforinis actively participates in internalization. B. piliformis appears to enter host cells by a bacterially directed phagocytic process. The in vitro system described should prove invaluable in further investigations of B. piliforinis pathogenic mechanisms.
Tyzzer's disease is an often fatal enterohepatic disease of numerous domestic, laboratory, and wild animal species (15) . There is also suggestive evidence that the disease may occur in humans (12) . The etiologic agent of Tyzzer's disease is Bacillus piliformis, a unique, unclassified, large, rodshaped, motile bacterium (15) . B. piliformis has not been grown on conventional media (38) but can be propagated in embryonated eggs or on several established mammalian cell lines (31, 36) , suggesting that it is an obligate intracellular bacterium. The pathogenesis of B. piliformis infection is poorly defined and has been studied primarily by histologic observations of tissue from diseased animals. B. piliformis is thought to be spread via ingestion of spores shed in the feces of infected animals (15, 20) . The initial site of infection appears to be the intestinal epithelium. Histologic evaluation of the lower small intestine, cecum, and large intestine of affected animals reveals extensive necrosis of intestinal epithelial cells, with packets of B. piliformis in adjacent viable enterocytes (15) . B. piliformis is thought to enter and replicate within these enterocytes, destroy the host cell, and spread to adjacent enterocytes, with eventual dissemination to the liver and occasionally to the heart (15, 31) .
An essential feature of disease pathogenesis by B. piliformis is bacterial invasion. The mechanisms by which B. piliformis attaches to and enters target host cells are unknown. The cellular tropism of this organism encompasses several epithelial cell types which are not normally phagocytic. Other obligate intracellular organisms, such as Chlamydia spp. (4, 43) and Rickettsia prowazekii (40) , and several facultative intracellular bacteria, such as Listeria monocytogenes (13) , Salmonella spp. (11) , and Shigella flexneri (17, 18) , have been shown to enter so called nonprofessional phagocytes by parasite-mediated endocytosis, in * Corresponding author.
which both the organism and host play an active role in bacterial internalization.
To investigate the mechanisms of B. piliformis attachment and invasion, we developed an in vitro model of infection with a human colon carcinoma cell line, Caco-2, and a human embryonic intestinal epithelial cell line, Intestine 407. The Caco-2 line has particular applicability in that this cell line forms a polarized monolayer with a functional brush border, closely resembling that of the small intestine (28, 33 events observed by microscopic examination of infected tissue culture flasks correlated with these phases. During the lag phase, only a few B. piliformis organisms attached to epithelial cells were detected. These bacteria were usually not motile. As the lag phase waned, motile bacteria were occasionally found in the medium and attached to cells.
Internalized packets of B. pilifonnis were first noted during early logarithmic growth (Fig. 2) . The bacteria in several of these packets could be observed darting rapidly back and forth within the confines of the cell. Increased numbers of motile attached and extracellular bacteria were also evident. During the mid-to late logarithmic growth phase, the number of dead cells in the monolayer increased, as did the number of extracellular bacilli (motile and nonmotile). At the peak of logarithmic growth, the majority of the cells in the monolayer were dead. During the subsequent stationary phase, the majority of bacteria were nonmotile and were observed either adhered to cell debris or floating in the medium.
Electron microscopy. On ultrastructural examination of Caco-2 cell monolayers, polarization of host cells was confirmed by the presence of tight junctions and the formation of an apical brush border. Ultrastructural examination of Caco-2 cell monolayers infected with B. piliformis revealed a putative series of events which may occur in the life cycle of B. pilifornis (Fig. 3) . Occasional bacteria were nestled amid host cell microvilli, but direct attachment was not observed.
A few (<1% of organisms observed) B. piliformis were present in invaginations of the apical microvillar cell surface (Fig. 3A) . Bacteria were never observed adhering to the lateral or basal cell surfaces. An almost equally rare event was the occurrence of B. piliformis in membrane-bound vacuoles, usually subjacent to the microvillar surface (Fig.  3B) . The majority of intracellular B. piliforinis were located within the cytoplasm, with bacterial numbers ranging from 1 to 50 per cell (Fig. 3C) . Occasionally, intracytoplasmic bacteria undergoing replication were evident (Fig. 3D) . In addition to cytoplasmic bacteria, bacteria also were present in the nucleus ( Fig. 3B and E) . A few bacteria were actually observed bridging the nuclear membrane (Fig. 3E) .
The morphology of lightly irifected cells was comparable to that of uninfected cells, whereas heavily infected cells, i.e., cells with >20 bacteria per cell, exhibited marked vacuolation, suggesting deterioration ( Fig. 3C and F) . Conversely, even in heavily infected host cells, bacteria appeared to be undamaged. Cells containing abundant bacteria were also noted to be undergoing lysis (Fig. 3F) Formalin-killed bacteria. Bacterial adhesion was evident with both live and Formalin-killed bacteria at all three times postinoculation (Fig. 4A) . The mean percentage of cells with adherent bacteria was consistently lower on coverslips inoculated with killed bacteria than on coverslips inoculated with viable bacteria. The difference in mean percentages was statistically significant (P < 0.05) at 10 and 36 h. Internalized bacteria were not found in either preparation at 10 h but were evident in control (viable) preparations by 24 h, and the percentage of infected cells increased significantly over the subsequent 24 h (Fig. 4B) 
DISCUSSION
Ascertaining the mechanisms by which B. piliformis enters target host cells is pivotal to understanding the disease pathogenesis of this bacterium. To this end, we developed an in vitro model of infection with two mammalian cell lines that have been used extensively in studies of bacterial adhesion and invasion (1, 10, 14, 18, 26) . The Intestine 407 cell line originated from intestinal epithelial cells, although it may have been contaminated with HeLa cells during its derivation. The Caco-2 line, derived from cancerous colon tissue, is of particular importance because these cells form a polarized monolayer with a functional brush border and are therefore thought to closely mimic the intestinal epithelium (28, 33) . The model closely resembles in vivo B. piliformis infection, since the initial site of bacterial invasion in animals appears to be the intestine. The pattern of growth in our model also. mimics in vivo B. pilifonnis infection. For example, the characteristic appearance of B. pilifonnis in naturally affected animals is that of intracellular bacteria in a "pick-up sticks" arrangement (39) . This pattern is also evident in a number of in vitro systems, including ours (31, 36) .
B. piliformis theoretically replicates within the cytoplasm of epithelial cells, escapes these cells, and "swims" via its peritrichous flagella to another host cell. We investigated this putative life cycle in our in vitro model of infection. Initially, the growth kinetics of B. piliformis infection were investigated. Our findings are in many ways similar to those reported by Spencer et al. (36) , who noted a period of inactivity for 24 h postinfection, followed by a period of rapid growth which corresponded to increasing numbers of motile bacteria and a stationary phase. A detailed comparison is not possible, however, because of the differences in bacterial isolate (rat origin versus rabbit origin), inoculum source (buffalo rat liver maintained versus primary chicken embryo liver cell, egg yolk sac, or infected mouse liver maintained), mammalian cell line (Intestine 407 and Caco-2 versus 3T3, a mouse fibroblast line), and enumeration technique (hemacytometer versus breed count).
As stated, the events observed in tissue culture correlated with the growth kinetics curve. The generation time calculated is unusually long for bacterial species. However, the generation time calculated for B. piliformis is not a simple doubling time, as several events in addition to replication are occurring during this time. Since B. piliformis is an obligate intracellular pathogen, it must travel from cell to cell to survive and replicate. Therefore, the generation time incorporates the time necessary to find a host cell, attach to and enter that cell, replicate within the cell, and escape the cell. In this way, B. piliformis resembles other obligate intracellular pathogens such as rickettsiae, which have relatively long generation times of 9 h (42). After escape, the progency of the original bacterium must then survive transit to another host cell. It is likely that not all bacteria released can accomplish this end. Craigie (6) To further investigate the cellular events of B. piliformis infection, we examined cultures at early and mid-logarithmic growth phases by electron microscopy. During this time period, a spectrum of events were occurring, i.e., bacterial attachment, entry, and escape. A putative series of events was established from these observations and the frequency with which certain events occurred. The finding of bacteria within surface invaginations and vacuoles subjacent to the microvillar surface suggests that B. pilifonnis enters cells via a phagocytic process. Several obligate and facultative intracellular pathogens have been reported to enter cells in a similar manner. Because the majority of bacteria were found not within vacuoles but rather free within the cytoplasm, we hypothesized that B. piliformis rapidly escaped this phagocytic vacuole. In this way, B. piliformis may be similar to Listeria monocytogenes (13) and Shigella flexneri (18) , which escape the phagosome shortly after entry, or rickettsiae, which actually escape the phagosome while being internalized (41) . By contrast, this mode of entry differs from that of Salmonella (9), Yersinia (3), Chlamydia (24) , and Neissenia (37) spp., which remain in a phagocytic vacuole throughout their intracellular life.
How B. piliformis escapes the phagocytic vacuole is unknown. Hemolysins which function in escape from the phagocytic vacuole (13) have been identified in Listeria (listeriolysin) (13) and Shigella (34) spp. Likewise, rickettsiae (41) and listeriae produce phospholipases which contribute to dissolution of the phagosome membrane and release into the cytoplasm. It is tempting to postulate that a similar toxin may be involved in B. pilifonnis escape, particularly as B. piliformis has been reported to produce a cytotoxin whose function has not yet been determined (32) .
Following entry, B. pilifornis replicated within the cytoplasm, in some cases reaching up to 50 bacteria per cell. In heavily infected cells, host cell deterioration was evident, and heavily infected cells that were apparently undergoing lysis were occasionally found. We hypothesized that this cellular lysis may be one method of B. piliformis escape, allowing dissemination to another host cell. The mechanism of host cell lysis is unknown. The accumulation of a certain critical number of organisms may physically disrupt cell functions, causing cell death in a manner similar to that by rickettsiae, for which cell lysis by physical disruption is believed to be the primary means of bacterial escape (41) . Other mechanisms such as the aforementioned cytotoxin may also be involved in B. piliformis escape.
Alternative methods of cell-to-cell spread that do not cause host cell lysis may be utilized by B. pilifonnis. For instance, Tyzzer (39) and Okada et al. (25) observed what they interpreted to be B. pilifonnis spreading directly from cell to cell. This method of spread would be analogous to that-utilized by L. monocytogenes (30) and S. fle-xneri (2), which have been shown to travel from cell to cell without exiting the intracellular environment. However, no conclusive evidence for this type of spread was seen in our model.
Several of the in vitro events found in our ultrastructure investigations have also been reported in cases of naturally occurring and experimentally induced Tyzzer's disease, corroborating our experimental model. Bacteria are invariably found free within the cytoplasm of infected cells (16, 27, 29) , and replicating forms and intranuclear bacteria have been reported (27) . The intranuclear location of the bacteria is an intriguing phenomenon that remains unexplained. This finding raises several questions. Why has B. piliformis entered the nucleus? What is the mechanism of this entry? Is this strictly a random event, or is there functional or nutritional significance? Does intranuclear infection augment bacterial pathogenesis? We are currently pursuing answers to some of these questions in our laboratory. To our knowledge, other intracellular pathogens are rarely, if ever, found in the nucleus.
To further define the mechanism of B. piliformis entry, we investigated the role of the host and the role of the bacterium in these events. Internalization of invasive bacteria often requires a metabolically active bacterium in a process called parasite-directed endocytosis (17, 21, 23, 40) . Because the target cells of B. piliformis are not normally phagocytic, it is likely that B. pilifonnis participates in its internalization. To determine the role of the bacteria in B. piliformis internalization, we evaluated the attachment and internalization of viable and Formalin-killed bacteria. Formalin killing of B. pilifonnis completely abolished their ability to internalize. These results suggest that B. piliformis does indeed play an active role in its internalization.
The effects of Formalin killing on bacterial adhesion were not as definitive as those on bacterial internalization. Adhesion of killed bacteria was evident, but it was significantly lower than adhesion of viable bacteria at two time points. The reasons for this are unknown. Because these experiments were done with subconfluent monolayers of tissue culture cells, it is possible that bacteria were centrifuged onto areas of the plate containing no cells. Killed nonmotile bacteria unable to locate host cells would in turn be washed off in slide preparation. This problem would be further compounded if B. piliformis adhesion is mediated by specific receptors. These factors may have accounted for the discrepancy in the percentage of cells with live and killed adherent bacteria. Other possibilities include partial Formalin-associated alteration of bacterial adhesins or steric hindrance created by cross-linking of proteins adjacent to bacterial adhesins. If this were the case, however, one would expect inhibition of adhesion uniformly across all three time points. Further work to characterize the effects of different methods of killing B. pilifonnis on bacterial adhesion is under way in our laboratory.
To examine the role of the host in B. piliformis internalization, we evaluated the need for host microfilament-dependent functions on this internalization. Most invasive bacteria are thought to utilize host cell mechanisms of phagocytosis for entry. During phagocytosis, monomeric G actin polymerizes to form F actin, which functions in cell membrane movement and eventual engulfment of the bacterium. This polymerization can be prevented by cytochalasin D, a metabolite of the fungus Metarrhizium anisopliae (5, 7). The entry of several bacteria has been inhibited by the cytochalasins, suggesting that these bacteria require cell cytoskeletal function in order to invade (13, 18) . To this end, we investigated the effects of cytochalasin D treatment of monolayers on bacterial internalization. Our results suggest that entry of B. pilifonnis occurs through interaction with the host cell cytoskeleton. These results correlate with the finding of bacteria in membrane-bound vacuoles, which may represent phagosomes.
In summary, B. piliformnis is a unique obligate intracellular bacterium. It is relatively large compared with other intracellular bacteria, obtaining lengths of up to 40 ,um (15) . Peritrichous flagella confer rapid motility on the bacterium; this motility is evident both within and outside the host cell. 
